Photo-induced dc voltage can be generated in various types of materials, such as semiconductor structures, topological insulators, quantum wells, and graphene, based on different physical origins including the photogalvanic effect, [1] [2] [3] [4] [5] [6] electronic and plasmonic ratchet effect, [7] [8] [9] [10] and photon drag effect. 11, 12 The photon drag effect represents the generation of electrical current due to the momentum transfer from the absorbed photons to the free carriers in a conductive material. The photon drag effect can be described as one second-order nonlinear optical process, where the Lorentz force exerted on the conduction electrons in a conductor under optical excitation will form photo-induced voltage (PIV). The observed PIV perpendicular to the incident plane is referred to as transverse photo-induced voltage (TPIV). The photon drag effect induced PIV has been first studied in semiconductors such as germanium, 13, 14 and it also exists on metal surfaces with or without surface plasmon resonance. [15] [16] [17] [18] The photon drag effect in gold films enhanced by surface plasmon has been demonstrated with the PIV depending on the light incidence angle and polarization. 19 Photonic crystal and plasmonic structures can be utilized to further increase the PIV in semiconductors or metals. [20] [21] [22] [23] [24] TPIV signals from symmetric plasmonic structures such as gratings and circular holes have been observed with obliquely incident light induced broken symmetries. 22, 23 It has been shown that the broken symmetry of the electric field in the plasmonic circular holes with obliquely incident light results in the TPIV generation and its sign change. [22] [23] [24] [25] [26] [27] [28] TPIV generated from the plasmonic nanovoids is due to the asymmetric field induced gradient force with obliquely incident light, 28 where the gradient force reverses for opposite circular polarization. Recently, TPIV has been calculated numerically in metal-dielectric-metal three-layer asymmetric plasmonic structures with normally incident light. 29 In this work, two types of plasmonic symmetry-breaking isoscelestriangle holes and right-triangle holes in a single metal layer are designed to generate light helicity-dependent TPIV induced by the photon drag effect with normally and obliquely incident light. It is shown that the sign of TPIV reverses with the switched incident circular polarization for both types of plasmonic triangle holes. Furthermore, the unbalanced TPIV between two circular polarizations is achieved across the plasmonic right-triangle holes due to the higher degree of symmetry breaking, while the balanced TPIV is obtained for the plasmonic isosceles-triangle holes. The observed manipulation of the sign and the amplitude of TPIV originates from the asymmetric electric and magnetic field distributions in the symmetry-breaking triangle holes for right-handed and left-handed circularly polarized (RCP and LCP) light, as well as the difference of shape symmetries for isosceles-triangle holes and right-triangle holes. In addition, the amplitude variation of TPIV as a function of the light incident angle is also demonstrated. These results will open many opportunities for future applications in nonlinear optical devices, photodetectors, and optical sensors.
Figures 1(a) and 1(c) show the design for the two types of plasmonic triangle holes with different shape symmetries in a 50 nm-thick gold layer deposited on the glass substrate to generate TPIV. The firsttype sample is the rectangle lattice of isosceles-triangle holes with a base of 190 nm, a height of 310 nm, and period dimensions of 410 nm by 310 nm along the x and y directions. The second-type sample is the right-triangle holes with a base of 200 nm, a height of 320 nm, and period dimensions of 430 nm by 310 nm. The isosceles-triangle hole possesses the mirror symmetry in the x-z plane, but the mirror symmetry of the y-z plane is broken; while the right-triangle hole further breaks the mirror symmetry in the x-z plane, it lacks any mirror symmetry. The shape symmetries of the triangle holes will affect the measured TPIV along the y direction across the plasmonic triangle hole arrays. The finite-integration time-domain (FITD) solver of the CST Studio Suite software is used to calculate the optical field distribution and the transmission, reflection, and absorption spectra from the plasmonic triangle hole. In the simulation, periodic boundary conditions are used along both x and y directions in the unit cell. The permittivity of glass is set as a constant of 2.25 and the permittivity of gold is obtained from the Drude model. Figures 1(b) and 1(d) display the simulated electric and magnetic field distributions on the x-y plane in the gold layer for the two types of asymmetric triangle holes under normally incident LCP and RCP light at the wavelength of 800 nm, which is close to the plasmonic resonance of the triangle holes. For the isosceles-triangle hole, the electric and magnetic fields show asymmetric patterns respect to the x axis with the field enhancement around the triangle corners, indicating that a net Lorentz force acted on electrons along the y direction and thus the TPIV signal. Furthermore, when the incident circular polarization is switched, the enhanced field hotspots are located in the mirror-symmetric locations in the triangle hole respect to the x axis, which will result in opposite Lorentz force and the reversed TPIV signal but with the unchanged amplitude. For the righttriangle hole with further broken shape mirror symmetry in the x-z plane, compared to the isosceles-triangle hole, the electric and magnetic field distributions under two circular polarizations will no longer be mirror-symmetric with respect to the x axis, so that the opposite Lorentz forces with unequal strengths, and therefore, the unbalanced TPIV signals are expected for normally incident LCP and RCP light.
For both types of plasmonic triangle holes, a single 50 nm-thick gold layer is deposited by electron beam evaporation on the glass substrate. Focused ion beam (FIB) milling (FEI Helios Nanolab 600, 30 kV, 9.7 pA) is utilized to fabricate the metasurface samples with an area of 50 lm by 50 lm. Figures 2(a) and 2(b) show the SEM images of the fabricated arrays of plasmonic isosceles-triangle holes and righttriangle holes, respectively. Figure 2 (c) shows a SEM image of the sample area with cuts in the gold film which allow us to specify the two electrodes and measure the TPIV generated along the y direction. Figure 2(d) illustrates the schematic of the experimental setup to measure the TPIV. The incident beam with tunable wavelengths from 750 nm to 850 nm is generated from a femtosecond Ti:Sapphire laser (Coherent, Chameleon Ultra II, pulse width 140 fs, repetition rate 80 MHz) and then modulated at 153 Hz through an optical chopper. A linear polarizer and an achromatic quarter-wave plate are used to convert the incident light into a circularly polarized wave and switch the incident circular polarization. The incident laser beam is slightly focused on the metasurface sample by using a 4Â objective lens with a laser spot size of around 50 lm. The generated electrical signal across the metasurface sample is then sent to a lock-in amplifier (Stanford Research Systems, SR830) for recording the TPIV by varying the optical power, wavelength, circular polarization, and beam incident angle.
The transmission and reflection spectra from the plasmonic triangle holes under circular polarization are measured using a collimated broadband Tungsten-Halogen white light source, where a linear polarizer and an achromatic quarter-wave plate are used to convert the incident light into a circularly polarized wave. The white light beam is focused normally onto the sample by a 50Â objective lens, and the reflected light is collected by the same objective lens and coupled to a spectrometer (Horiba, iHR 550) through a beam splitter. The transmitted light is collected by another 10Â objective lens to the spectrometer. Either a silver mirror or a transparent glass substrate is utilized to normalize the reflection or transmission spectra, respectively. Figure 3(a) plots the experimental and simulated transmission, reflection, and absorption spectra from the plasmonic isoscelestriangle holes under normally incident circularly polarized light. The spectra under LCP light will overlap with those under RCP light due to the mirror symmetry in the x-z plane. The plasmonic resonance of the isosceles-triangle hole is located between 800 nm and 900 nm where the transmission is relatively high. In contrast, as shown in Figs. 3(b) and 3(c), the transmission, reflection, and absorption spectra from the plasmonic right-triangle holes exhibit different responses between normally incident RCP and LCP light, which is consistent with the simulated electric and magnetic field distributions for RCP and LCP light in Fig. 1(d) due to further broken shape mirror symmetry in the x-z plane for the right-triangle holes. The plasmonic resonance of the right-triangle hole is also designed between 800 nm and 900 nm, in order to compare the TPIV signals across the two types of plasmonic triangle holes.
As shown in Fig. 2(c) , two electrodes perpendicular to the x-z plane are connected to collect the TPIV signal along the y direction across the plasmonic triangle hole array. The TPIV will be measured by changing the optical power, wavelength, and incident angle of the incident circularly polarized laser beam. Figure 4(a) shows the measured TPIV across the isosceles-triangle hole array as a function of optical power under normally incident RCP and LCP light at the wavelength of 800 nm, displaying the featured linear relation between the photovoltage originated from the photon drag effect and optical excitation power for both circular polarizations. It is noted that the sign of TPIV flips, but the amplitude of TPIV remains almost unchanged when the circular polarization is changed due to the shape mirror symmetry in the x-z plane of the isosceles-triangle hole. The dashed line shows a linear fit to the measured TPIV, giving an external responsivity of around 2.8 nV/mW for both RCP and LCP incident light. With the focused laser spot size of around 50 lm on the sample, the corresponding responsivity is equivalent to 5.5 lV/(mW lm
À2
). Figure 4 (b) plots the optical power-dependent TPIV for the righttriangle hole array under normally incident RCP and LCP light. In contrast, the generated TPIV signal for LCP light is stronger than that for RCP light with the same optical excitation power, due to the further broken shape mirror symmetry in the x-z plane for the righttriangle hole. The external responsivity for RCP and LCP incident light is around 2.8 nV/mW and 3.2 nV/mW, respectively. Such an unbalanced TPIV signal under two circular polarizations can be explained from the mirror symmetry-breaking electric and magnetic field patterns with respect to the x axis as shown in Fig. 1(d) .
The generated TPIV is measured for both types of plasmonic triangle holes with the optical power of 5 mW covering the wavelength range of 750 nm to 850 nm under normally incident RCP and LCP light, as shown in Fig. 5 . For comparison, the TPIV with a negative sign for RCP light is plotted in order to illustrate the difference between the amplitude of TPIV for both circular polarizations. In both cases, the sign of TPIV flips as the incident circular polarization is switched, showing the helicity-dependent TPIV under normally incident light. For the isosceles-triangle holes, as shown in Fig. 5(a) , the amplitude of TPIV at a specific wavelength is almost the same when the light helicity is changed from RCP to LCP. However, for the righttriangle holes, Fig. 5(b) shows the unbalanced TPIV with an obvious difference between the amplitude of TPIV generated under two circular polarizations in the whole wavelength range. The TPIV is also measured for both samples at an obliquely incident angle of þ15 under RCP and LCP light with the optical power of 10 mW, as shown in Fig. 6 . The behavior of the measured TPIV signal under obliquely incident light is quite similar to that for normally incident light, where the sign of TPIV depends on the incident circular polarization and either the balanced or unbalanced TPIV between two circular polarizations is achieved for the isosceles-triangle holes or the right-triangle holes.
The observed TPIV signal depending on light helicity and shape symmetries of triangle holes origins from the symmetry-breaking electric and magnetic field patterns supported in the triangle holes for RCP and LCP light. As illustrated in Figs. 1(b) and 1(d) , for both types of asymmetric triangle holes, the field hotspots around the triangle sidewalls under two circular polarizations are shifted respect to the x axis when the circular polarization is changed, indicating the coupling between the spin angular momentum of photons and the orbital angular momentum of surface plasmons. 29, 30 In particular, the isoscelestriangle hole possesses the mirror-reflected field profiles respect to the x axis under two circular polarizations so that the spin-to-angular momentum exchange is equivalent for RCP and LCP light and the balanced TPIV signal is obtained. However, the right-triangle hole supports the asymmetric shifts of field patterns respect to the x axis under two circular polarizations, which results in the unequal spin-to-angular momentum transfer and thus the unbalanced TPIV signal for RCP and LCP light. The origin of the generated TPIV from the asymmetric field patterns around the triangle holes can be further described by using the hydrodynamic model. 16, 17 Furthermore, the photon drag effect is proportional to the wave vector which is related to the photon momentum transfer to electrons. At oblique incidence, the photon drag induced current significantly changes due to the variation of the in-plane wave vector component. Figure 7 shows the measured TPIV as a function of the obliquely incident angle h from À15 to þ15 under RCP and LCP light with the optical power of 10 mW at 800 nm for the two types of plasmonic triangle holes. It is shown for both the metasurface samples that the measured TPIV signal is strongly dependent on the incident angle, which shows the unique feature of photon drag effect. For the isoscelestriangle holes, the TPIV amplitude decreases at large incident angle and reach the peak value at normal incidence, where the TPIV signal at normal incidence is around 1.5 times of that at the incident angle of þ15
. By varying the incident angle, the in-plane component of the photon wave vector gets changed which results in the variation of the TPIV amplitude, manifesting the mechanism of photon drag effect instead of photogalvanic effect. It is well known that the TPIV has zero value for symmetric structures at normal incidence and TPIV signal shows an antisymmetric function of the incident angle. 20 In contrast, as plotted in Fig. 7(b) , the TPIV from isosceles-triangle holes exhibits a maximum nonzero amplitude resulted from the large in-plane wave vector. Moreover, the TPIV has an asymmetric function of the incident angle, displaying the stronger TPIV at negative incident angles than those at positive incident angles, which is due to the interaction of asymmetric triangle holes and obliquely incident light. In addition, as shown in Fig. 7(d) , the TPIV from right-triangle holes exhibits different responses, where the TPIV keeps increasing as the incident angle varies from þ15
to À15 and the amplitude of TPIV for LCP light is always larger than that for RCP light at all incident angles, suggesting more symmetry-breaking effects from the right-triangle hole on the in-plane wave vector compared to the isosceles-triangle hole.
In summary, the plasmonic asymmetric isosceles-triangle holes and right-triangle holes have been designed to manipulate the generated transverse photo-induced voltage due to photon drag effect with normally and obliquely incident light. It is demonstrated that the sign of transverse photovoltage across the plasmonic triangle hole array depends on the incident light helicity and the amplitude difference of photovoltage between two circular polarizations is controlled by the shape symmetries of triangle holes. The observed response of the transverse photovoltage is explained by the symmetry-breaking analysis of the electromagnetic field distributions supported in both isosceles-triangle hole and right-triangle hole under circularly polarized incident light. The amplitude variation of TPIV depending on the incident angle is also demonstrated. These demonstrated results will open great possibilities for enabling future plasmonic and metasurface applications in nonlinear optics, polarization characterization, photodetection, and optical sensing. to þ15 for RCP and LCP light with the optical power of 10 mW at 800 nm for the two types of triangle holes, respectively.
